Lithium dendrites are needle-like structures that form during the electrodeposition of lithium metal. These whiskers complicate the use of lithium metal as an anode in lithium batteries because they can puncture the separator and short circuit the battery. In addition, the large surface area and poor adhesion of the deposit contributes to loss of coulombic efficiency. The effect of alkali and alkaline earth metal ions on the morphology of electrodeposited lithium metal has been studied. Varying concentrations of alkali and alkaline earth metal ions were added to a 1 M lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) trimethylbutylammonium bis(trifluoromethanesulfonyl)imide (N 1114 -TFSI) electrolyte. Lithium metal was electrodeposited from each electrolyte and examined ex-situ by scanning electron microscopy (SEM). Alkali metal ions, with the exception of sodium, had little or no effect on the deposited lithium morphology. However, alkaline earth metal ions at 0.05 M concentration significantly reduced the occurrence of dendrites. When the concentration of the alkaline earth metal ions was increased to 0.1 M, dendrites were completely eliminated and lithium was deposited in a sphere-like morphology. Energy dispersive X-ray spectroscopy (EDX) showed that no alkaline earth metals were found in the sphere-like deposits, suggesting that dendrite mitigation occurred through an adsorption mechanism. Lithium-ion batteries based on graphite anodes have been commercialized and used in mobile devices due to their high power and energy density. The graphite anode operates close to its theoretical capacity of 329 mAh/g. Thus, to increase the energy density of the overall battery, a new anode material must be developed. Reducing lithium ions on a substrate, rather than intercalating them into graphite, raises the specific capacity of the anode to 3861 mAh/g and is compatible with existing cathodes and future high-voltage cathodes.
Lithium-ion batteries based on graphite anodes have been commercialized and used in mobile devices due to their high power and energy density. The graphite anode operates close to its theoretical capacity of 329 mAh/g. Thus, to increase the energy density of the overall battery, a new anode material must be developed. Reducing lithium ions on a substrate, rather than intercalating them into graphite, raises the specific capacity of the anode to 3861 mAh/g and is compatible with existing cathodes and future high-voltage cathodes.
Lithium-metal anodes suffer from low cycling efficiency for several reasons. First, the solid electrolyte interface (SEI) that forms on graphite anodes to protect the electrode from further reaction with the electrolyte, does not form as well on a metallic lithium surface. Second, the lithium metal anode undergoes extreme volume changes when going between the charged and discharged states, which can significantly disrupt the SEI during each cycle. Finally, when lithium metal is deposited on a substrate, such as during battery charging, lithium does not deposit as a dense, cohesive, planar layer, but rather deposits as needle-like structures, sometimes called dendrites, as shown in Figure 1 .
Adding SEI forming additives and restricting the battery to shallow discharge cycles can mitigate some of these problems, however, these restrictions are not desirable. Vinylene carbonate (VC) has been shown to be a valuable additive for lithium metal batteries, yielding higher efficiencies and increased cycle life.
1,2 VC and other cyclic carbonates have been shown to form an SEI via ring-opening reactions that isolate the surface from the electrolyte. 3 Other organic molecules such as dimethyl carbonate, ethylene carbonate and fluorinated additives have also been used as additives to improve cycle life. 4, 5 The high surface area associated with dendritic deposits compounds the problem of poor SEI formation because a greater quantity of SEI must be formed. During oxidation (battery discharge), it is possible that the base of the dendrite oxidizes prior to the tip, leading to loss of electrical contact with the substrate. In addition, if the dendrite bridges the gap between the anode and cathode, it can electrically short circuit the battery. 6 Recent in-situ studies on dendrite growth have shown that the needles can grow from the tip or extrude from the base, with both processes occurring in any given electrolyte. [7] [8] [9] [10] [11] [12] Lithium dendrite growth has previously been mitigated by physically confining the lithium metal behind a solid electrolyte, 13 however, this could lead to loss of contact in larger batteries as the lithium metal at the interface is shuttled to the cathode, causing delamination between the lithium anode, solid electrolyte, and current collector. There are also several reports of dendrite-free deposits in heavily fluorinated electrolytes 5, 14, 15 and the LiAsF6/dioxolane electrolyte. 16, 17 A study in organic propylene carbonate/dimethyl carbonate (PC/DMC) electrolyte showed non-dendritic lithium deposition by addition of rubidium and cesium hexafluorophosphate to the electrolyte. 18 This was explained by an electrostatic shield mechanism where the adsorbed rubidium or cesium ions on the dendrite repel the lithium ions from the region of the dendrite. A low concentration of rubidium or cesium ions was required so that the deposition potential for rubidium or cesium was shifted to values negative of the lithium deposition potential, however, the actual deposition of rubidium and cesium was not examined experimentally. This is important because the assumed standard potentials may be different in the organic electrolyte. Further, restricting the deposition potential for lithium (i.e. potential the anode is charged) would result in low charging currents.
In ionic liquid systems, the suppression of dendritic growth of lithium has been studied by co-depositing a second metal with lithium from bis(trifluoromethanesulfonyl)imide (TFSI) and chloroaluminate ionic liquid electrolytes. 11, 19 A non-dendritic, sphere-like lithium morphology was achieved through the co-deposition sodium with lithium. The remaining alkali TFSI salts have been synthesized and their reduction potentials characterized, opening the door for their study in conjunction with lithium. Potassium, rubidium, and cesium can be reversibly deposited at potentials negative of lithium deposition in TFSI-based electrolytes, making co-deposition feasible. 20 The group 2 alkaline earth metals, of which magnesium has been considered for battery applications, are of interest. Magnesium has been more difficult to deposit than lithium because the surface films formed on magnesium are more insulating and are not as ion conducting as their lithium counterparts. 21 Reversible magnesium deposition has been achieved in from Grignard based solutions and some ionic liquids electrolytes. [22] [23] [24] [25] [26] The remaining alkaline earth metals, calcium, strontium and barium, have not been studied alone or as additives in lithium deposition. Calcium, strontium, and barium are used in phosphate and carbonate coatings for biocompatibility, but these coatings are formed by electrochemically assisted deposition, not a direct reduction of the metal. Nitrates are electrochemically reduced lowering the pH at the substrate, which causes phosphates and carbonates of these metals to precipitate. [27] [28] [29] [30] Ionic liquids (ILs) provide a suitable electrolyte system to test the effects of alkali and alkaline earth metal ions on the lithium metal anode. Reversible lithium reduction/oxidation has been shown by multiple groups. 11, 20, 26, 31 The TFSI-based ionic liquid system is also compatible with remaining alkali metals. 20 This work explores alkali and alkaline earth TFSI salts as additives to lithium electrolytes with the goal of changing the dendritic morphology of the lithium metal deposit.
Experimental
The ionic liquid, trimethylbutylammonium bis(trifluoromethanesulfonyl)imide (N 1114 -TFSI), was purchased from Iolitec (99%) and used for all experiments. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI), the lithium salt with the matching anion, was purchased from Wako. The alkali and alkaline earth TFSI salts were either purchased or synthesized via reaction of the metal hydroxide and trifluoromethanesulfonimide (H-TFSI, Wako). Barium bis(trifluoromethanesulfonyl)imide (Ba-TFSI 2 ), magnesium bis(trifluoromethanesulfonyl)imide (Mg-TFSI 2 ), and calcium bis(trifluoromethanesulfonyl)imide (Ca-TFSI 2 ) were purchased from Sigma Aldrich. The sodium, potassium, rubidium, and cesium salts were synthesized by reaction of the metal hydroxide with a stoichiometric amount of H-TFSI and then adjusting to neutral pH (Equation 1). The solution was gently heated to remove water and then dried under vacuum for 12 h. Strontium bis(trifluoromethanesulfonyl)imide (Sr-TFSI 2 ) was synthesized in a similar manner as shown in Equation 2. Electrolytes were made by dissolving the appropriate amount of Li-TFSI and additive-TFSI salt in N 1114 -TFSI ionic liquid. The electrolytes were dried under vacuum for one to two days before use.
M O H + H T F S I → MT F S I
The electrochemical studies were performed in an argon filled glove box (Vacuum Atmospheres) with a water content below 0.04 ppm. A Perkin Elmer Parstat 2263 with PowerSuite software was used to carry out all electrochemical experiments. Cyclic voltammograms (CVs) were conducted in a two electrode cell with a stainless steel type 316 working electrode and a lithium reference and counter electrode. The lithium metal counter generally provides a stable potential so that it can be used as a reference electrode. Isolated experiments with a separate lithium reference electrode (three electrode cell) were conducted and no change in the voltammograms was observed. In electrolytes with different ions, the counter electrode served as a pseudo-reference because the foreign ion could change the rest potential of the counter electrode. Thus, the reference potential may be slightly different in the foreign metal electrolytes and the current-voltage curves are plotted separately. A potential scan rate of 0.01 V/s was used to generate CVs. A Zeiss Ultra 60 scanning electron microscope (SEM) was used for imaging samples prepared in the same configuration. SEM samples were held at a constant potential for 500 s and then washed with anhydrous dimethyl carbonate (DMC, anhydrous, ≥99% SigmaAldrich) to remove the viscous ionic liquid. Elemental analysis was done with energy dispersive X-ray spectroscopy (EDX) using Oxford Instruments X-Sight column and INCA software.
The coulombic efficiency of lithium deposition and re-oxidation in the different electrolytes was evaluated by cyclic voltammetry. By integrating under the reduction and re-oxidation peaks, the charge passed for each process can be calculated. The beginning of the reduction was defined as the rise in current associated with the reduction peak. A coulombic efficiency can then be calculated by dividing the charge associated with the re-oxidation by the charge associated with reduction.
Results
The effect of addition of metal ions on the deposition of lithium metal was investigated. The added cation can have one of several affects including co-depositing, changing the electrolyte conductivity, and changing the electrical double layer (EDL). When the Li-TFSI dissolves in N 1114 -TFSI, a clear, viscous electrolyte is formed. A constant potential deposition yields a deposit, shown in Figure 1 , where the surface is dominated by dendrites. The high surface area of the dendrites complicates surface passivation via a solid electrolyte interface (SEI) necessary for stable battery operation. In addition, the dendrites can break off or oxidize at the base causing loss of active material from the electrode surface.
The group 1 alkali metals ions investigated were sodium, potassium, rubidium and cesium. Previously, sodium ions have been shown to co-deposit with lithium forming a non-dendritic, spherelike deposit. 11, 19 The reduction potential of the remaining alkali metal ions were experimentally measured in pyrrolidinium TFSI ionic liquid by Wibowo et al. 20 The pyrrolidinium TFSI ionic liquid is similar to the quaternary ammonium TFSI ionic liquid used in this work so it is reasonable to assume that the potentials will follow the same trend. While sodium reduces 0.184 V positive of lithium, the remaining alkali metals reduce at potential negative of lithium, even though their standard potentials are positive of lithium. Potassium reduces −0.109 V vs. Li/Li+, Rubidium at −0.117 V, and cesium at −0.122 V. This means that to observe a co-deposit of lithium with these three metals, potentials more negative than these values, corrected for concentration by the Nernst equation, are necessary assuming under-potential deposition does not occur. Each alkali metal was first tested in a 0.1 M solution in N 1114 -TFSI without lithium ions being present. Lithium metal was used as a pseudo-reference electrode in these experiments. Due to the different species in the electrolyte, the reference potential may differ slightly from electrolyte to electrolyte. Nevertheless, the electrolyte reduction potential can serve as a common guide. The voltammetry with 0.1 M Na + is shown in Figure 2 , while voltammetry with 0.1 M K + , Rb + , and Cs + is shown in Figures 3a-3c respectively. With the exception of lithium, sodium exhibited the most reversible behavior with a clearly defined reduction peak starting at 0.09 V. On the reverse scan, Na oxidation began at 0.16 V. The overpotential observed is likely due to the nucleation effect of plating a metal on a foreign surface and has been observed previously. 20, 32, 33 In contrast, no reduction of potassium was observed on the stainless steel electrodes, as seen in Figure 3a . Two peaks at 0.9 V and 0.4 V were observed on the first cycle but not observed on subsequent cycles, suggesting a one-time surface modification to the stainless steel, rather than an irreversible deposit. While reversible potassium deposition from TFSI-based ionic liquids has been observed on nickel and tungsten electrodes, 20, 34 another attempt from chloroaluminate ionic liquid failed on tungsten but succeeded on mercury. 35 Based on the different results for potassium deposition, reduction is more surface dependent than the other metal ions.
Wibowo et al. reported that rubidium and cesium were reduced near the potential limit of the ionic liquid used here, which is ca. + . 20 The CV of a 0.1 M Rb + electrolyte versus a lithium pseudo-reference electrode is shown in Figure 3b , where the electrolyte decomposition occurs at −0.3 V. This is the expected potential and acts as an internal reference. Two reduction peaks were observed on the forward scan at 0.9 V and 0.4 V. Constant potential experiments were performed to investigate the origin of the peaks. The potential step experiments showed that little to no metal was deposited on the substrate in these two potential regions. The lack of a deposit suggests that the products from these peaks are soluble or the result of a surface modification rather than being an electrodeposit. The peaks decreased in height over multiple voltage scans. An oxidation peak was observed at −0.25 V, which was identified as the reoxidation of rubidium. Pourous rubidium deposit was observed in a separate 500 s potential step to −0.4 V. The reduction of Rb + is very close Figure 3 . CV of a) potassium, b) cesium, and c)rubidium only electrolytes. Potassium showed no reversible behavior. Small reduction peaks are visible for rubidium and cesium confirming some reversible behavior but the electrolyte stability window prevents a true reversible deposit.
to the decomposition potential of the electrolyte. This results in poor coulombic efficiency for reduction and re-oxidation of rubidium.
A CV was performed in a 0.1 M Cs + electrolyte (vs. Li metal pseudo-reference electrode) and is shown in Figure 3c . The electrolyte decomposition at −0.3 V serves as an internal reference. Cesium displayed several small oxidation peaks between 0.2 V and 1.0 V. When the electrode was held at 0.5 V, well within the range of these peaks, SEM and EDX showed sparse nanometer-sized cesium-rich particles on the surface but the CV shows no electrochemical evidence that their formation is reversible. Subsequent CV cycles showed that these peaks decreased in height, but did not disappear altogether. This indicates that they are likely caused by reactions with the pristine surface, rather than a bulk process. A small oxidation peak was observed at −0.29 V for cesium. To help identify the origin of this peak, the electrode was poised at −0.4 V for 500 s. A porous deposit with high cesium content was observed by SEM. This indicates that the small oxidation peak at −0.29 V is due to metallic cesium. The peak is small because the potential at which cesium is deposited also coincides with electrolyte decomposition as a competing reaction. In addition, some cesium could have been lost due to reaction with the electrolyte after the metal was formed.
The electrolytes containing 0.1 M concentration of K + , Cs + , Rb + described above were made 1.0 M Li + , in addition to the 0.1 M alkali metal. Figure 4 shows the cyclic voltammograms recorded for these new electrolytes, which now contain 1 M Li + and 0.1 M alkali metal ions. Each electrolyte showed peaks for lithium deposition and stripping. The overpotential for the Li redox process remained −0.075 V regardless of which metal was added indicating a minimal effect of the foreign metal ions on the Li/Li + couple. Rather, the addition of the second metal ion affected the peaks between 0 V and 1 V, which are associated with surface, rather than bulk, processes. On stainless steel, lithium showed two peaks at 1.3 V and 0.4 V on the forward scan, prior to the reduction of lithium ions to metallic lithium. The first peak at 1.3 V is an irreversible surface process that only appears on the first cycle. It is likely an initial surface film that forms on the substrate involving Li + ions, as the peak does not appear for the neat ionic liquid. By reversing the scan direction at 0 V, prior to Li + reduction, the second peak at 0.4 V can be paired with the peak at 1.3 V on the reverse scan. This set of peaks remained constant over multiple cycles and is likely the reversible intercalation/de-intercalation of lithium into the surface oxide present on stainless steel. Allowing the potential scan to go negative of 0 V vs. Li/Li + shows that lithium reduction begins at −0.075 V and the re-oxidation peak appears on the reverse scan starting at 0 V. The coulombic efficiency associated with lithium ion reduction and re-oxidation is 65%, which is lower than what can be achieved in an actual battery because deposition on a foreign surface, here stainless steel, affects the charge passed on each cycle. In a commercial cell, a shallow cycling method could be used to avoid this problem. 36, 37 In addition, the background current associated with the surface oxide intercalation lowers the calculated efficiency.
The addition of sodium ions to the lithium ion containing electrolyte shifted the first irreversible peak at 1.3 V to 0.9 V. As described above, this peak did not appear on the second cycle pointing to a onetime surface modification. From previous work, it has been shown that lithium and sodium can be co-deposited to form a non-dendritic deposit. 11, 19 The lithium/sodium co-deposit consisted of many spheres with at least one indentation on the surface. This morphology is shown in Figure 5a where 1.3 C/cm 2 was passed over 5000 s. This co-deposit was studied in detail in a previous paper. 11 The coulombic efficiency for the deposition and re-oxidation of the lithium/sodium system was calculated to be 44%. While it is possible for the absence of dendrites to lead to an increase in the coulombic efficiency, the coulombic efficiency of sodium from the CV results was only 41%. This relatively poor redox efficiency for sodium appears to be the cause of the lower coulombic efficiency for the lithium/sodium system.
No metal was electrodeposited from the potassium-only electrolyte, thus no co-deposit of lithium and potassium was expected. A CV of the 1.0 M Li + /0.1 M K + electrolyte showed two reduction peaks prior to lithium ion reduction, followed by lithium re-oxidation on the reverse scan. The surface related peak that appears at 1.3 V in the lithium-only electrolyte has again been shifted to 0.9 V, as in the lithium/sodium electrolyte. This peak appeared only on the first cycle, indicating an initial surface reaction, rather than a bulk process. The peaks related to lithium intercalation into the surface oxide, at 0.4 V on the forward scan and 1.3 V on the reverse scan, were not affected by the addition of potassium. The coulombic efficiency for lithium reduction and re-oxidation was 51%. The lithium/potassium deposit exhibited a flake-like morphology, as shown in Figure 5b where 0.3 C/cm 2 of charge was passed during a 500 s at −0.3 V vs. Li/Li + . The flakes were 1 μm wide and 2-3 μm long. The edges of the larger flakes and smaller platelets give the deposit a crystalline appearance. Individual flakes look detached from the substrate as well as each other and exhibited the same high surface area that is detrimental to cycling efficiency.
The potential scans changed little when either Rb + or Cs + (0.1 M) were included in the 1.0 M Li + electrolyte. The coulombic efficiency for the Rb + and Cs + containing electrolytes was 57% and 61%, respectively. The characteristic peaks seen in lithium-only electrolytes remained unchanged as shown in Figure 4 . Cesium and rubidium were electrodeposited at −0.4 V vs. Li/Li + resulting in ∼0.4 C/cm 2 over 500 s for both cases ( Figure 5 ). This potential was chosen to maximize the possibility of a co-deposit. Images of deposits generated at more positive potentials (lower current and less C/cm 2 ) looked qualitatively similar to those at more negative potentials. The dendritic lithium deposit morphology in the presence of Rb + or Cs + was unchanged even when material was deposited at −0.4 V, a potential where the metal ions are reduced from their individual electrolytes. Figures 5c and  5d show that dendrites from the lithium/rubidium and lithium/cesium electrolytes have a diameter of 0.2 to 0.5 μm, similar to the dendrites of a lithium-only deposit shown in Figure 1 . The dendrites were entangled, constant-diameter needles that had a high surface area and poor adhesion to the stainless steel substrate. The EDX results showed no cesium or rubidium present in the electrodeposit, thus only the Li + and IL reduction occurred.
The survey study of 0.1 M alkali/1 M lithium electrolytes suggests that in order to prevent dendritic growth, the alkali metal ion should be co-deposited. In this IL, co-deposition was only possible with sodium because the reduction potential for cesium and rubidium were too close to of the decomposition potential of the IL.
The group 2 alkaline earth metal ions, Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ , were added to the 1 M Li + electrolyte to examine their effect on the form of the lithium electrodeposit. The lower solubility of the divalent ions increased the viscosity of the IL. Electrolytes containing 0.1 M Mg 2+ , Ca 2+ , Sr 2+ or Ba 2+ yielded milky-white solutions compared to the clear solutions formed with the alkali metal salts. CVs for each of these electrolytes are shown in Figure 6 . The morphology resulting from these electrolytes was examined by polarization to −0.3 V vs. Li/Li + for 500 s. This resulted in 0.2-0.3 C/cm 2 depending on the electrolyte.
Because of the interest in a magnesium metal battery, a 0.1 M Mg 2+ electrolyte was tested for Mg deposition, however, no CV peaks or deposit were observed. Although magnesium metal does not deposit from the Mg-only electrolyte, Mg 2+ had a dramatic influence on the form of the lithium deposit. The magnesium salt also appeared to increase the voltage stability window of the IL. As shown in Figure 6 , a CV of a 1 M Li + /0.1 M Mg 2+ electrolyte showed no sharp current rise at −0.35 V, where the ionic liquid is usually reduced. Instead, a gradual rise in current was observed with a much reduced slope. The gradual rise at −0.4 V is likely due to electrolyte reduction. None of the abovementioned peaks associated with lithium appeared in the scan. Lithium ion reduction was observed at a lower 0.05 M Mg 2+ concentration followed by re-oxidation, however, the overpotential for lithium ion reduction was −0.4 V, which also led to electrolyte reduction. The coulombic efficiency, based on the reduction and oxidation peaks, was only 17% because of the extreme polarization required to reduce lithium ions. The electrodeposit had the appearance of spheres covered by a web-like material, as shown in Figure 7 . The webbing was shown to be carbonaceous by EDX analysis and likely consists of the products from electrolyte reduction. The spheres mostly disappeared after reoxidation of the lithium at 1 V, showing that they were indeed lithium metal.
The addition of Ca-TFSI 2 to a 1 M Li + electrolyte did not suppress lithium reduction and re-oxidation currents to the same extent as magnesium salt. The current density observed with Ca 2+ in the electrolyte was lower than for the lithium ion only electrolyte. The CV shown in Figure 6 shows a clear lithium reduction and re-oxidation current in the Ca 2+ containing electrolyte, although the overpotential for Li + reduction increased to 0.2 V (the reduction current started at −0.2 V vs. Li/Li + ) compared with the lithium-only electrolyte, where the overpotential was 0.08 V. The lithium metal oxidation peak was smaller than the reduction peak, yielding a coulombic efficiency 31% for the lithium/calcium electrolyte. The sloping onset of the oxidation peak also indicates that an overpotential is also associated with the oxidation. Lithium was deposited from electrolytes with a Ca 2+ concentrations of 0.05 M and 0.1 M. The lithium concentration was held constant at 1 M Li + (Figure 8 ) in both cases. Deposits from the 0.05 M Ca 2+ /1 M Li + electrolyte showed some dendritic growth, however, a majority of the particles were dimpled spheres, similar to the sodium case. The deposit was fully non-dendritic when the Ca 2+ concentration was raised to 0.1 M. An EDX element map of this deposit showed that no calcium was deposited on the substrate. Despite the similar appearance to the lithium/sodium deposit, this deposit, originating from the lithium/calcium electrolyte, contained no calcium within the detection limits of EDX. Thus, the dendrite blocking mechanism appears to occur via an adsorption mechanism, rather than by co-deposition. Close inspection of the deposit shows a roughened substrate with fibrous material between the dimpled spheres. This could be decomposed electrolyte, which results in the lower efficiency.
The addition of 0.1 M Sr 2+ or Ba 2+ to the IL electrolyte showed similar behavior to that of Ca 2+ . Based on the CV in Figure 6 , the coulombic efficiency was 43% for the strontium and 65% for the barium containing electrolyte. The current density was lower for these two electrolytes compared to the lithium-only electrolyte, but was higher than the Ca 2+ case. The deposits produced from the lithium/strontium and lithium/barium electrolytes (i.e. 0.05 M and 0.1 M concentrations of Sr 2+ or Ba 2+ ) with the 1 M Li + were examined. The images, Figure 9, show the deposit morphology for the four cases. At 0.05 M, a significant change in the deposit morphology was observed compared to the lithium-only deposit in Figure 1 . The effect of Ba 2+ and Sr 2+ on the deposit was similar to the effect of Ca 2+ ions. Most of the deposit was composed of dimpled spheres with some dendrites. When the concentration was increased to 0.1 M, nearly all deposited material was in the form of dimpled spheres. Only an occasional dendrite was observed. The same fibrous material was observed on the deposit from the lithium/calcium electrolyte was observed on the deposit from the lithium/strontium or lithium/barium electrolytes, although to a lesser degree. EDX analysis did not show any trace of strontium or barium in the sample, suggesting that like the calcium and magnesium cases, dendrite suppression occurred at the electrode/electrolyte interface rather than by significant co-deposition.
The doubly charged alkaline earth ions behaved differently from the singly charged alkali ions. While the alkali metals required codeposition to form non-dendritic lithium, alkaline earth metals prevented dendritic growth without being codeposited, at least to the sensitivity of the experiments performed here. This is possibly due to a change in the electrical double layer that forms upon polarization or an inhibition of the surface to electron tranfer. The electrical double layer (EDL) in an ionic liquid differs from that of an organic electrolyte because the charge density is significantly higher, resulting in a multilayered structure. In conventional solutions, salts are dissolved through the formation of a neutral solvent shell around the ions. Compact and diffuse layers form in the presence of a charged surface to balance that charge. Models for the double layer in aqueous systems are based around dilute solutions but ionic liquids do not follow these assumptions. 38, 39 Molecular dynamic simulations have shown that distinct anion and cation layers form at the electrical interface of an IL and a charged surface. 40 The first layer consists of the large N 1114 + , Li + , and double charged alkaline earth cations. Next distinct layer will consist of TFSI − , the only anion in the system. Ionic liquid double layers consist of multiple alternating ion layers, making the charge distribution near the surface more complex. 41 Because the doubly charged alkaline earth cations are each associated with two TFSI − anions, this layer will be bulkier and/or denser than in an electrolyte without the additional anions. This could hinder lithium transport to the surface during plating, essentially negating the preferential growth on possible dendritic sites.
Discussion
Electrodeposited lithium dendrites are a major safety concern for lithium metal and lithium intercalation anodes. Potential short circuits from dendrites growing across the separator forming a bridge to the cathode could result in thermal run-away, thus understanding how dendrites grow and finding methods to prevent them is critical. In-situ observations shown that dendrites grow from the tip as well as from the base. Growth at the tip occurs electrochemically. For a whisker to form, the deposition rate at the tip must be much higher than on the sidewalls. A non-uniform current density, possibly caused by higher exchange currents on specific crystal faces, is thus inherent in dendritic growth. Base growth is thought to be an extrusion mechanism where pressure builds within the metal under the SEI, causing the soft lithium to extrude along grain boundaries. Tip growth can be prevented by mitigating the non-uniform current density that causes dendrites. The co-deposition of a second metal can alter the exchange current for lithium deposition, thus limiting the run-away dendritic growth. Alternatively, electrostatic repulsion of lithium ions through the absorption of cations has also been proposed as a dendrite-limiting mechanisms. 18 Mitigation of extrusion based growth would require a change to the material properties of the deposit, such as increasing creep resistance. The SEI layer plays a crucial role in both tip growth and base growth mechanisms. A dense SEI layer can inhibit transport to the tip, thus limiting the deposition rate at that location through concentration polarization. For growth by extrusion, the mechanical properties of the SEI layer contribute to the pressure buildup that causes extrusion.
Additives to the electrolyte can have a variety of effects on the Li/electrolyte interface. The most common additives are SEI formers, such as EC or VC, whose role is to form a protective SEI layer over the anode. The chemical changes in the SEI layer upon addition of these additives are well documented. A dense, protective SEI can increase the coulombic efficiency of the anode by limiting the transport of fresh electrolyte to the reactive lithium metal. It is not inconceivable however, that the SEI could also affect the morphology of the deposit by limiting the flux of ions to be deposited to the surface or by creating a mechanical barrier to dendritic growth. The additives used in this study are metal salts, which exist in the electrolyte as ions and can become part of the electrical double layer. The ions can adsorb on the surface, thus changing lithium ion transport to that surface. Ion reduction followed by crystal nucleation (i.e. electrodeposition) is a multistep process where ions must first diffuse to the surface, including through the SEI layer, adsorb, undergo electron transfer creating the adatom, and finally assimilate into the lattice. An adsorbed ion layer could hinder the deposition process because of electrostatic effects or block reduction/nucleation sites inhibiting the overall process. Metal ions can also deposit from the electrolyte to form a co-deposit with lithium. The co-deposited metal would have a different exchange current density or could physically block dendrite growth because of the lattice mismatch between the two different metals.
The group 1 alkali metals were targeted as additives that would co-deposit with lithium. Reduction of sodium, potassium, rubidium, and cesium ions has been previously shown using a pyrrolidinium-TFSI ionic liquid. Wibowo et al. measured the reduction potentials and found that sodium ions reduce positive of lithium, but potassium, rubidium and cesium reduce negative of lithium. While the potentials themselves will not be the same given our slightly different ionic liquid, the same trend holds. When considering a co-deposit the deposition potential plays a significant role in whether such a co-deposit would form. A summary of observations at various potentials is detailed in Table I .
Sodium ions showed the most reversible behavior for reduction/oxidization from the N 1114 -TFSI ionic liquid. Adding Na-TFSI to the electrolyte in small concentrations resulted in a dimpled-sphere shaped deposit. This is likely to occur because sodium would electrodeposit on the high current density sites where lithium dendrites would have originated. Foreign sodium atoms on these sites inhibit the high growth rate because the site no longer has the original high exchange current. Also, lithium and sodium do not alloy so that the presence of sodium would change the nature of the surface. Although it was not observed here, a lithium/sodium co-deposit could also prevent dendrite base growth (extrusion process) because the properties of the deposit would be different. Lithium by itself is a soft metal sus- Potassium ions were not reduced on stainless steel and their addition to the lithium ion containing electrolyte yielded a flake-like deposit, however dendrites still occurred.
Rubidium and cesium ions can be reduced at very negative potentials close to the electrolyte decomposition potential, thus a potential of −0.4 V vs. Li/Li + was used in an attempt to obtain a co-deposit. As summarized in Table I , no co-deposit was observed and the morphology remained dendritic. A non-dendritic co-deposit may still possible with cesium or rubidium ions if a more stable ionic liquid were found and the concentration of cesium or rubidium ions was increased. This would allow for a more negative deposition potential where cesium and rubidium ions could be reduced. Ding et al. proposed a mechanism whereby a foreign ion that would deposit 0.05 -0.1 V negative of lithium prevents dendrites, and showed this with cesium ions in an organic electrolyte. The same effects were not observed in this ionic liquid electrolyte, regardless of potential applied as shown in Table I .
The addition of small amounts of group 2 alkaline earth ions had a dramatic effect on the lithium metal deposit morphology. These ions were not electrodeposited from the ionic liquid, rather, they served as inhibitors and their effects were highly dependent on concentration. Table II summarizes the effect of adding varying concentrations of group 2 ions to a 1 M Li electrolyte.
All alkaline earth metals inhibited dendritic growth; however, lower current densities and increased overpotentials were observed. Although their standard potentials are 0.1 -0.3 V vs. Li/Li + , well within the potential window of the IL, individual testing (0.1 M concentration without lithium) showed that none of the alkaline earth metals deposited from the ionic liquid electrolyte. The reduction potential of these ions could be more negative in this particular liquid and salt, possibly because a necessary intermediate for the two electron transfer cannot form or the metal ion is bound too tightly. While alkaline earth metal ions did not deposit on their own, their addition to a 1 M Li + electrolyte affected both the coulombic efficiency and the morphology of the lithium deposit. Given the same concentration, the coulombic efficiency of lithium increased with increasing size of the additive ion, although not above the coulombic efficiency for an additive-free electrolyte. The deposit morphology can have a large impact on the coulombic efficiency, given that the surface area influences how much SEI will be formed. Lithium metal can also be lost due to dendrites being oxidized at the base of the deposit, and thus losing contact with the electrode. In the case of alkaline earth metal ions, very few dendrites were observed and the morphology of the deposit was similar for the different additive ions. The resulting trend in the coulombic efficiency was likely due to a parasitic reaction between the fresh lithium deposit and the electrolyte, with the extent of reaction varying between the additive ions.
Co-deposition with lithium was not observed, thus it is hypothesized that upon negative polarization of the substrate, the positively charged alkaline earth metal ions adsorb on the substrate surface. The alkaline earth salts are bulky due to their larger size and two TFSI − counter anions so diffusion through the SEI layer would more difficult than for Li + with its single counter ion. The doubly charged alkaline earth ions likely remain outside the SEI layer as part of the electrolyte rather than the deposited structure, though detection by EDX would be unlikely if they were present in the SEI in small amounts. The alkaline earth salts are thought to impede diffusion to the surface, adding an additional rate-limiting step. The growth rate at the dendrite tip is much higher than the growth rate on the sidewalls giving the dendrite its needle-like shape. The addition of a rate limiting step before reduction would mitigate this accelerated growth rate, resulting in a uniform current density and non-dendritic deposit.
Magnesium ions suppressed the reduction of lithium ions and the electrolyte, as shown by the lower currents during voltammetry. This was not due to an electrochemically formed surface film, because no such current peak was observed in the CV. The decrease in current density seen with both lithium ion reduction and electrolyte reduction is consist with the absorption of an inhibitor rather than a lithiumspecific process because the inhibition occurred over both processes on a stainless steel substrate, rather than only on a lithium substrate. Moving down the periodic table, suppression of the lithium redox reaction lessened with the (individual) addition of Ca 2+ , Sr 2+ , and Ba 2+ . It is noted that the larger ions would have increased difficulty in diffusing through the SEI to the lithium surface and likely do not affect the structure or composition of the SEI. The overpotential associated with lithium ion reduction decreased from 0.20 V for Sr 2+ to 0.14 V for Ba 2+ , whereas a lithium-only electrolyte showed an overpotential of 0.09 V vs. Li/Li + . This increased overpotential also supports the hypothesis of inhibition through adsorption because such an effect would make the surface more difficult for lithium to nucleate on. Given the trend in current density and overpotential, Mg 2+ adsorbs the strongest, followed by Ca 2+ , Sr 2+ , and Ba 2+ . A concentration-dependent dendrite suppression was observed with calcium, strontium, and barium resulting in a deposit with a mix of spheres and dendrites when the ions were present at a lower concentration, and spheres only for the higher ionic concentrations. If an adsorption of an ion were to add a rate-limiting step, the concentration of foreign ions would control the extent of that step. A higher concentration of alkaline earth ions in the bulk leads to denser coverage of adsorbed ions on the surface, resulting in greater diffusion inhibition. A change in morphology was observed when the concentration of the additive was at least 0.05 M. Complete dendrite suppression occurred as a result of inhibited lithium ion transport to the surface at a critical concentration of 0.1 M.
